The Relativistic Heavy Ion Collider (RHIC) complex at Brookhaven National Laboratory has been in operation for nearly 20 years, colliding a large variety of ion species from polarized protons to uranium ions at different energies. Through a number of improvements and upgrades its luminosity performance has exceeded its design luminosity by a factor 50. This unprecedented performance makes RHIC an ideal base for a future electron-ion collider (EIC). We report the luminosity evolution and upgrade history of RHIC and present the design concept of the electron-ion collider eRHIC.
INTRODUCTION
The Relativistic Heavy Ion Collider (RHIC) [1] consists of two superconducting storage rings with a circumference of 3.8 km each. These storage rings intersect at six equidistantly spaced locations around their circumference, where the two beams can be brought into collision. Two of these intersection regions are presently equipped with the detectors STAR and PHENIX, with PHENIX currently being upgraded as sPHENIX. Maximum beam energies in RHIC are 255 GeV for protons, and 100 GeV/n for fully stripped gold ions. A unique feature of RHIC the fact that the proton beams are spin polarized, which makes RHIC the only polarized proton collider in the world. With two Siberian snakes per ring, polarization levels exceeding 60 percent have been achieved at 255 GeV. FIGURE 1. Luminosity evolution in RHIC for gold-gold (left) and proton-proton (right) collisions by year. For better comparability between species, the gold-gold luminosity is normalized by the product of the number of nucleons of the two ion species. In the case of gold-gold collisions, this normalization factor equals Since its commissioning in 2000, the performance of RHIC has dramatically improved with every run, exceeding the original design luminosity by about a factor 50. Figure 1 shows the integrated luminosity evolution for gold-gold and proton-proton collisions on a year-by-year basis.
Besides unprecedented luminosity performance, RHIC has also proven to be a highly flexible machine, both in terms of center-of-mass energy and species combination. This is illustrated in Figure 2 . Besides collisions between equal species, like proton-proton or gold-gold, RHIC has also shown its capability of colliding unequal species like proton-gold, deuteron-gold, or -gold. Center-of-mass energies reached from 7.7 GeV/n to 200 GeV/n for Au-Au collisions, and up to 510 GeV in polarized proton collisions. In the following sections we highlight some of the key upgrades and improvements that led to this unprecedented machine performance and present the plans for the future.
TUNE/COUPLING FEEDBACK
Besides increasing the peak luminosity by pushing beam parameters such as bunch intensities, emittances, and number of bunches to new heights, increasing the time spent with beams in collision is a key ingredient to maximizing the integrated luminosity. Development of a tune and coupling feedback system [2] to stabilize the machine during acceleration ramps has reduced the setup time after each summer shutdown from multiple weeks to a few days, thus increasing the effective duration of the physics run significantly. In addition, this system has also improved the instantaneous machine performance at store. This is best illustrated by the beam polarization at 250 GeV proton beam energy, as shown in Figure 3 . Without tune/coupling feedback in RHIC Run-9, the proton beam polarization at 250 GeV reached only 34%, while after adding the new feedback system it increased to 48%. This improvement is even more dramatic when one compares the figure-of-merit for the two runs, where L denotes the luminosity and P the beam polarization. Due to the dependence, the figure-of-merit increased by 650% due to tune/coupling feedback. The underlying reason for the dramatic increase in beam polarization and figure-of-merit is shown in Figure 4 . During the acceleration ramp, a tune swing has to be implemented to avoid a couple of weak depolarizing resonances. When this was only controlled by a manual feed-forward system, ramp-to-ramp reproducibility was poor. Due to the limited available tune space, some residual depolarization was unavoidable when tunes inadvertently approached those resonance conditions. After tune-coupling feedback was implemented, those resonances were completely and reliably avoided due to much better tune control. 
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HEAD-ON BEAM-BEAM COMPENSATION
During RHIC proton-proton operations with two interaction points, a small number of bunches collide in only one detector, while the majority experiences two beam-beam interactions per turn. At the beginning of a luminosity store, the sum of the two beam-beam tuneshift parameters reaches about 0.015. In this configuration, bunches with only one collision per turn have a significantly longer luminosity and intensity lifetime than those that undergo two beam-beam interactions. This observation lead to the idea of head-on beam-beam compensation, using an electron lens [3] in each storage ring. Figure 5 illustrates the basic idea of the compensation concept. The nonlinear beam-beam kick experienced by an individual proton is compensated in a second collision with an electron beam of equal transverse size, shape, and intensity as the oncoming proton bunch at a betatron phase of a multiple of 180 degrees from the proton-proton interaction point. In an ideal, linear lattice the nonlinear beam-beam kick due to the oncoming proton beam is therefore exactly cancelled by the interaction with the electron lens beam. Figure 6 shows the beam intensities, emittances, and luminosities with and without head-on beam-beam compensation. Installation of the electron lenses resulted in a 120% peak luminosity increase, and nearly tripled the integrated luminosity per week. 
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STOCHASTIC COOLING
The luminosity lifetime in heavy on collisions is limited by emittance growth due to intrabeam scattering. To counteract this effect, a bunched beam stochastic cooling system has been developed and implemented [4] . This system is capable of reducing the emittances of stored heavy ion beams below their injection values. This emittance reduction results in a luminosity increase by typically a factor 3 during the first hour of the store, as shown in Figure  7 . Once this stage is reached, intensity losses are due to burn-off in the heavy ion collisions in the detectors only. 
ELECTRON BEAM ION SOURCE (EBIS)
Operating RHIC with asymmetric species like proton-gold or copper-gold requires great flexibility in the injector chain to switch between species. While heavy ions were originally provided by a pair of Tandem Van-de-Graff accelerators, a new electron-beam ion source (EBIS) [5] has been installed in recent years. This new, versatile injector can switch between species within a few seconds. An additional benefit is the elimination of the long low energy transport line between the Tandem and the Booster due to its location near the Booster injection area. Table 1 lists some key parameters of this new ion source. 
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LOW ENERGY ELECTRON COOLING
RHIC has provided low energy gold-gold collision below its nominal injection energy in a quest to search for the critical point in the QCD phase diagram. However, luminosities at those low energies are not sufficient for a meaningful physics program. In order to boost the luminosity by a factor 3 to 4, an electron cooler [6] has recently been added to RHIC. This device is capable of cooling gold beams up to 6 GeV. In contrast to existing electron coolers that use a DC electron beam, this cooler is based on an RF gun that provides a bunched electron beam to cool the ions. Both ion beams are cooled with the same electron beam. After cooling the Yellow RHIC beam, the electron beam direction is reversed using a 180 degree dipole, as shown in Figure 8 . 
THE FUTURE -ERHIC
The US Nuclear Physics community, with world-wide support, has proposed an electron-ion collider as the next nuclear physics facility to be built on US soil. Brookhaven National Laboratory proposes eRHIC [7] , a high luminosity, high energy polarized electron-ion collider based on the existing RHIC complex. This machine consists of a 5 to 18 GeV electron storage ring to be installed in the existing RHIC tunnel that collides with the Yellow RHIC ring. Two detectors are foreseen in the same locations as the current RHIC detectors STAR and PHENIX, as shown in Figure 8 . Polarized electron beams are accelerated to full storage energy in a rapid-cycling synchrotron (RCS) [8] and injected into the electron storage ring with the desired spin helicity (up or down). Since the Sokolov-Ternov effect will slowly depolarize electron bunches with their spins aligned parallel to the guiding field in the arc, entire bunches need to be replaced at a rate that is fast compared to the Sokolov-Ternov time constant. With the shortest depolarization time being about 30 minutes at 18 GeV, replacing one bunch per second ensures an average beam polarization of more than 80 percent of the injected polarization.
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The optics design of the RCS ensures that the entire energy range from 400 MeV to 18 GeV is free of intrinsic spin resonances. This is accomplished by a high super-periodicity of the lattice and an appropriate choice of the integer betatron tunes. Spin tracking simulations have confirmed the feasibility of this concept even in the presence of realistic machine errors such as magnet misalignments and field errors.
The machine parameters of the eRHIC collider are based on existing facilities. For instance, the proton beam-beam tune shift parameter is identical to the value achieved during routine RHIC operations. The number of bunches is a factor 12 higher than in RHIC, while the bunch intensity is a factor 4 lower. The small emittances require strong hadron cooling to counteract the fast intrabeam-scattering (IBS) growth times of 2 hours. Strong hadron cooling of multi-GeV hadron beams is currently an active R&D area. The electron storage ring parameters resemble those of the B-Factories KEKB and PEP-II, with a large number of bunches and a beam current as high as 2.5 A. With these parameters, eRHIC reaches a peak luminosity of , as shown in Table 2 . Since strong hadron cooling at these high energies has never been done, it constitutes a high risk in the eRHIC design. To mitigate this risk, a set of machine parameters has been developed that does not require cooling due to the long IBS growth times of ~10 hours, which is comparable to present RHIC. With those parameters the peak luminosity still reaches . The luminosity performance as a function of the center-of-mass energy is depicted in Figure 10 . Center-of-mass energies above 105 GeV require electron beam energies higher than 10 GeV. With the RF power limited to 10 MW this requires a reduction of the electron beam current, which results in lower luminosity relative to operations at 10 GeV. Below 105 GeV center-of-mass energy bunch intensities need to be reduced in order to limit the beam-beam tune shift parameter to the established limits listed in Table 2 . The eRHIC interaction region serves multiple purposes. Both the electron and the hadron beam are focused to small spot sizes to maximize the luminosity. This strong focusing requires the low-beta quadrupoles to be placed as
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close to the interaction point as the physics program allows. In order to be able to place electron and hadron quadrupoles side-by-side, early beam separation is necessary. In the case of the eRHIC interaction region, this separation is realized by a 22 mrad crossing angle. The resulting effects of this crossing angle on luminosity and beam dynamics are minimized by crab cavities.
Besides separation of the two circulating beams from each other, the hadron beam also needs to be separated from the 4 mrad forward neutron cone. This is accomplished by dipole magnets near the detector that deflect the hadron beam away from the neutrons. On the rear side of the detector, a chicane in the electron beam provides access to Bethe-Heitler photons that are used for the luminosity measurement. The incoming electron beam line is free of dipole bends over the entire ~70m long straight section to minimize synchrotron radiation through the detector beam pipe.
FIGURE 11. eRHIC interaction region layout
SUMMARY
Since its start of operations in 2000, RHIC has performed exceptionally well, exceeding its design luminosity by a factor 50. This has been accomplished by a number of improvements and upgrades that have been implemented over the years. This performance record makes RHIC an ideal base for the future electron-ion collider eRHIC.
